Abstract-In this work, a quick and effective method to calculate the second and third optical transition energies of metallic armchair single wall carbon nanotubes (SWCNT) is presented. In this proposed method, the transition energy of any armchair SWCNT can be predicted directly just by knowing one of its chiral index. The predicted results are compared with recent experimental data and found to be accurate over a wide diameter range. The empirical equation proposed here is also compared with that proposed in earlier works. The proposed way may help the research works or applications where information of optical transitions of armchair metallic nanotubes is needed.
I. INTRODUCTION
Electronic and optical properties of single-wall carbon nanotubes (SWCNT) are directly associated with their geometrical structures [1, 2] which are uniquely specified by a pair of chiral index (n, m). A SWCNT (n, m) will be metallic if its n-m = 3k (k is integer), i.e. mod(n-m, 3) = 0 and it will be semiconducting if its n-m ≠ 3k, i.e. mod(n-m, 3) = 1 or 2 [3] . This relation is always found true except for SWCNT with very small diameter, where curvature effect dominates its properties [4] . This relation indicates that theoretically two third of the total SWCNTs are semiconducting and one third are metallic. Metallic nanotubes are a potential choice for nanoscale electrodes and 1-D quantum wires [5] , transparent conductors and semi-transperant conductive coating [6, 7] and many similar nano device applications.
The one-dimensionality of the nanotubes gives rise to a discrete set of singularities (splitting into 1D subbands instead of one wide electronic energy band), the so called van Hove singularities (vHS) in the nanotube Density of States (DOS) [2, 8, 9] . Each SWCNT (n, m) has a unique set of interband energies E ii denoting the energy differences between the ith van Hove singularities in the conduction and valence bands and optical transitions associated with the vHSs can only occur between these mirror subbands [2] . This vHS is an unique feature of nanotubes and also primarily responsible for many distinguished optical and electronic properties of SWCNTs.
According to the electronic band theory, the vertical interband transition energy (E ii ) between the i-th pair of VHSs in both the valence and the conduction bands of a semiconducting (S) or metallic (M) nanotube is represented by E ii which is inversely proportional to nanotube diameter and corresponds to the first, second, third,…… interband [2] . This inverse proportional trend of transition energy with SWCNTs diameter is also observed from well known Kataura plot [10] .
Theoretical model derived from electronic band theory fails quantitatively to predict experimentally observed values of optical transitions for both semiconducting and metallic SWCNTs. Nanotube's 'curvature effect' [4, [11] [12] [13] and 'trigonal warping effect' [14] cause deviations in the electronic properties of nanotubes derived from the simple π-orbital graphene picture. Curvature causes π and σ states of nanotube's chemical bond to mix. This leads to hybridization between σ and π orbitals. The degree of hybridization becomes larger as the diameter of a SWCNT gets smaller [12] . The σ-π hybridization effect has been considered and calculated in the literature [11] [12] [13] . The main result is that nanotubes satisfying |n−m| = 3k (k=0, 1, 2….) develop a small curvature-induced bandgap, and hence become quasi-metallic or small gap semiconductor [15] . Armchair nanotubes (n, n) are an exception because of their special symmetry, and only they remain truly metallic for all diameters [15] . Saito et al [14] investigated the 'trigonal warping effect' analytically and derived expressions to estimate the corresponding deviation in optical transitions of metallic and semiconducting SWCNTs. They showed that trigonal warping causes splitting of the density of State (DOS) peaks of metallic SWCNTs except for armchair tubes. Thus only armchair SWCNTs are unaffected due to curvature and trigonal warping and remain truly metallic.
As armchair nanotubes are the most pure kind of metallic SWCNTs, the concentration of this work will be only on armchair tubes. Sometimes, researchers need to find or measure the optical transitions in metallic nanotubes. Many authors [16] [17] [18] [19] studied the properties of metallic SWCNTs and discussed first, second and third optical transition energies of metallic SWCNTs. From these Liu et al [19] studied the matter more recently and more extensively than anyone before. They carried a series of optical experiments and measured optical transition energies of numerous semiconducting and metallic SWCNTs. The experimental data of optical transitions of metallic armchair SWCNTs used in this work is primarily based on the work of Liu et al [19] . Though sometimes researchers need the value of optical transitions in metallic nanotubes, but there is no easy way to calculate or predict those transitions except experimental procedure. Some complex empirical relations are proposed by some authors [16, 18, 19] but they are not simple to calculate and involve lot of parameters. Here, in this work, a concise empirical relation is devised to predict the second and third optical transitions in armchair metallic nanotubes which directly relates the optical transition value with any of the chiral index of armchair tubes. The proposed relation can give a quick as well as highly accurate prediction of second and third optical transitions in armchair metallic SWCNTs.
II. METHOD AND RESULTS
Optical transition energies for metallic armchair (n, n) SWCNTs with chiral index (15, 15) to (35,35) were closely studied here. There are total 21 armchair SWCNTs within these two chiral index range having diameter from 2 nm to 4.8 nm. Values of optical transition energies of these tubes were recorded from various experimental reports [16] [17] [18] [19] with a special focus on the work of Liu et al [19] which is most recent and provides most comprehensive data. From these experimental reports, second optical transition energy of 16 armchair tubes ranging from chiral index (15, 15) to (30,30) and third optical transition energy of 13 armchair tubes ranging from chiral index (23,23) to (35,35) were found.
In their work, Liu et al [19] proposed following empirical equation to fit their experimental values of different optical transitions of a number of semiconducting and metallic nanotubes:
Here, p is the transition index, k is the magnitude of wave vector in the grapheme Brillouin zone that varies with nanotube chirality (n, m) and transition index p. Magnitude of k is given by p× 2/(3d), where d is the nanotube diameter. E p (k) is the effective dispersion for transition p, ħ is the reduced Planck constant = 6.582×10 -16 
So, these are the empirical expression of E 66 and E 99 , simplified from the work of Liu et al [19] . One can easily note that lot of parameters are involved in the overall calculation of empirical values of E 66 and E 99 from their prarent equation which increases computational efforts. Hence, an attempt will be made here to devise a simple empirical relation between the chirality and optical transition of armchair metallic tubes so that the value of second or third optical transition of these tubes can be predicted directly from just one of their chiral index n (for armchair tubes, n=m, so, knowing one index will be enough).
After a careful study of the symmetry in the structure of armchair tubes, their optical transitions and their relation with corresponding chiral index, we devised following empirical formula to predict the optical transitions from corresponding chiral index n of any armchair nanotube (n, n). (15, 15) to (35,35) were calculated using empirical equations (1) and (2) as well as using empirical equations (3) and (4). Both results agree well with experimental values of second and third optical transitions of corresponding metallic armchair SWCNTs. Nevertheless, it was observed that the overall prediction accuracy of equations (3) and (4) as proposed in this work is much better than that of equations (1) and (2) as simplified from the parent equation proposed by Liu et al [19] . Besides, equations (3) and (4) gives quite simpler expressions to calculate the value of optical transitions directly from one chiral index in compared to the expression of equations (1) and (2) that requires additional calculation to know the value of diameter of corresponding armchair tube. Moreover, it has to be noted that the simplified expression of equations (1) and (2) results from its parent equation only after knowing the values of a number of parameters. Hence, empirical equations (3) and (4) as proposed in this work is better than simplified empirical equations (1) and (2) from the work of Liu et al [19] .
Experimental [19] and empirical values of optical transition energies along with chiral index (n, n) and diameter of these armchair tubes are shown in Table I and Table II . In Table I , empirical result for second optical transition (E 66 ) from this work using Eqn. (3) and the empirical result from the work of Liu et al [19] using Eqn. (1), both are provided so as to compare them. Similarly, in Table II , empirical result for third optical transition (E 99 ) from this work using Eqn. (4) and the empirical result from the work of Liu et al [19] using Eqn. (2), both are provided so as to compare them. From these two tables it can be observed clearly that the predicted values from Eqn. (3) and (4) are much closer to the experimental values than those predicted by Eqn. (1) and (2) . For second optical transition (E 66 ) the average absolute error in prediction using Eqn. (3) was found to be only 0.009 ev and corresponding % average absolute error is only 0.53%. Similarly, for third optical transition (E 99 ) the average absolute error in prediction using Eqn. (4) was found to be only 0.006 ev and corresponding % average absolute error is only 0.27%. Thus, the empirical equations proposed here can predict the value of optical transition energies of armchair tubes with higher accuracy. Figure 1 (a) and (b) shows the plot of experimental and empirical values of second and third optical transition energies, respectively, of metallic armchair SWCNTs with respect to their diameters. Here also, empirical results for second and third optical transition (E 66 and E 99 ) from this work using Eqn. (3) and (4) and the empirical result from the work of Liu et al [19] using Eqn. (1) and (2), both are plotted so as to compare them. Again it can be observed from these two plots that, for both optical transitions, empirical values predicted by Eqn. (3) and (4) are closer to the experimental values in compared to those predicted by Eqn. (1) and (2) over the full diameter range under consideration. This curve can be extrapolated using above two empirical relations to predict other armchair tubes beyond this diameter range.
Another interesting observation from the second and third optical transition energies of armchair SWCNTs is, the ratio of third transition to second transition of same armchair tubes are equal to a constant whose value is around 1.4. This observation further facilitate the calculation of higher optical transitions in metallic armchair tubes as one can know the third transition energy value of a tube by knowing the value of second transition multiplied by that constant. This relation also indicates the built in high symmetry in armchair SWCNTs which causes their higher optical transition energy values to grow in a systematic order. This relation may also help to study the behaviour of metallic armchair tubes in a more systematic way.
III. CONCLUSIONS
In this work, an effective method to calculate the second and third optical transition energies of metallic armchair single wall carbon nanotubes (SWCNTs) is presented. Second and third optical transitions of metallic armchair (n, n) SWCNTs are expressed through a concise empirical formula that directly relates the transition energy with chiral index n. Thus, in this method, the transition energy of any armchair SWCNT can be predicted quickly and directly just by Diameter of armchair metallic SW CNT (nm) 3rd optical transition of armchair metallic SWCNT (ev) experimental value empirical value from this work empirical value from Liu et al [19] knowing one of its chiral index. The predicted or calculated results are compared with recent experimental data and found to be accurate over a wide diameter range. The empirical equations and corresponding result found in this work are also compared with empirical works proposed by others. It was found that the empirical expression proposed here is much simpler than earlier works and corresponding result provides better accuracy for armchair metallic SWCNTs than earlier works. The proposed way may help the research works or applications where information of optical transitions of armchair metallic nanotubes is needed.
